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3 Introduction

Motivation

➢ Meniscectomy leads to premature osteoarthritis
of the knee joint

➢ New paradigm of healing by repair and 
regeneration of meniscus tissue

➢ Need for promising substitute

➢ Replacement tissue for cartilage is successfully
generated based on cell cultured scaffolds
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Objectives

➢ Experimental study of cell-seeded nonwoven
scaffolds in an array of perfusion chambers

➢ Identification of crucial stimuli for chondrocytes and 
stem cells (ADSCs)  ➔ cell proliferation, 
differentiation, and migration

➢ Deduction and study of multiscale models

➢ Development of efficient numerical methods for
coupling of models on several scales and for
parameter identification

➢ Set up of a feedback loop of in silico and in vitro 
results to improve modeling and experimental 
design
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Scaffold characterization

Before After
Polyethylene terephthalate (PET) needle felts (nonwoven) 
characterized by:

• Scanning electron microscopy (SEM)

• Micro computed tomography (μCT)

• Indentation mapping 

• Multi-step confined compression relaxation test

• Unconfined compression creep test

Æ

Æ

267-292 g, 25x30 mm²
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I: Indentation mapping (dry vs. hydrated in 10 mL PBS for 2h)

• N =  6 samples, 6 measuring points/sample 

• Indentation amplitude: 15 % h0

• Relaxation time: 10 s

• Spherical indenter: Ø = 5 mm

→ Maximum force (Fmax)

II: Multi-step confined compression relaxation test (Mow et al., 1980)

• N = 6 cylindrical samples Ø 5mm 

• 3 consecutive strain levels (ε = 0.1, 0.15, 0.2)

• Relaxation time: 30 minutes

→ Equilibrium Modulus (Eeq)

→ Permeability of the fiber network (k)

II: Unconfined compression creep test 

• 2 N maximum force 

→ Stress-strain diagram to calculate the creep rate 

Spherical 
indenter

Characterization of the biomechanical performance of the scaffolds
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SEM and µCT of PET nonwoven fabrics

PET grammage: 317 g/m²

➢ Textile volume/total volume = 14.85 ± 0.52 %

➢ Porosity = 85.15 ± 0.52 %

➢ Structure model index (SMI) = 2.35 ± 0.04 % 
(SMI = 0 for plates, 3 for rods and 4 for solid spheres)
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Thickness distribution of PET fibers

Range (mm) Mid-range (mm) Volume (mm3)

Percentage of
volume in range
(%)

0.00398 - <0.01194 0.00796 19.1 23.3

0.01194 - <0.01989 0.01591 44.8 54.8

0.01989 - <0.02785 0.02387 17.2 21.0

0.02785 - <0.03581 0.03183 0.8 0.9
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Indentation mapping
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Confined compression
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Seeding of articular chondrocytes

Afterd0

Cell seeding
Sample collection

1x106 ACs

2x106 ACs

Gene 
expression

Microscopy

PET nonwoven fabric

d14 d21

5x105 ACs
1x106 ACs
2x106 ACs

5x105 ACs
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AC gene expression

➢ Upregulation of 
chondrogenic markers 
from d14 to d21 (except 
SOX9 in 1x106 ACs)

➢ Overall, low expression of 
the investigated markers
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Cell adhesion and proliferation

1x106

2x106

14 days 21 daysACs
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Cell adhesion and proliferation

Scanning electron microscopy (SEM)
1x106 ACs
day 21
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Cell adhesion and proliferation

Cross section Surface

Confocal microscopy, 1x106 ACs, day 21, sections: 200 – 300 µm
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Experimental study

➢ Successful seeding of scaffolds with ACs

➢ Adequate culture conditions for cell adhesion and proliferation, but absence of matrix production

Open research questions:

➢ Differentiation of stem cells before seeding or after seeding inside the scaffolds

➢ Coating of scaffolds with hyaluranic acid

➢ Relevant end points

➢ Differentiation/matrix production under perfusion stress
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Perfusion stress chamber

Setup in a bioreactor/
incubator

➢ Development and production of a perfusion chamber for long-term experiments 
(up to 4 weeks)



Work flow
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A	multiscale	approach
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Modeling cell	migration and	(de) differentiation in	a	scaffold
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Modeling cell	migration and	(de) differentiation in	a	scaffold
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Complete	model
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A	simplifiedmacroscopic model for meniscus	tissue regeneration



Theoretical results
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Outlook
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Simulations of tissue regeneration

3D simulations (FreeFem++ with PETSc)

Parallel simulations of a problem of tissue regeneration

Adipose stem cells density

Industrial tissue
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Simulations of tissue regeneration

3D simulations (FreeFem++ with PETSc)
How the parameters influence the models?

Industrial tissue

E. Grosjean, B. Simeon, C. Surulescu. A mathematical model for meniscus
cartilage regeneration (preprint, 2023)
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Sensitivity analysis
Sensitivity analysis calculates the rates of change in the output
variables of a system which result from small perturbations in the
problem parameters.

P :µ→ u(µ), µ= (µ1, . . . ,µn)

Sensitivities: ∂u
∂µj

(x;µs), j = 1, . . . ,n.

ADSC’ density sensitivity with
resp. to b1 (150 dt)

Diffusion

Haptotactic parameter

Differentiation parameters

How to find µs?
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Parameters identification
Identification of a,b,α,β with Gauss-Newton algorithm (Tikhonov
regularization) on Ω= [0,1]× [0,1],T = 1

� Identification successful provided initial guess not too far
� Need experimental values
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NIRB on the sensitivity equations
How do we reduce the time simulations of the sensitivity
equations?

Grosjean E., and Simeon, B. (2023). The non-intrusive reduced basis two-grid method applied to
sensitivity analysis, Preprint.

(a) FEM fine sensitivities after 150 time steps (b) NIRB approximation with N = 40

� Accurate results with online time saving
� Many training solutions required
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Conclusion & perspectives
Conclusion

� Forward simulations1 2

� Loosely coupling between the two models2

� Sensitivity analysis of two models: Cells density and bioreactor models (2nd talk)

� New methodology for the sensitivity to reduce simulations costs3

Perspectives
� Models simplification

� Validation with measures (1rst talk)

� Enhancement of our NIRB method4 5

� Other sensitivity evaluations (e.g. Sobol indices)
1Simeon, B., Die Macht der Computermodelle: Quellen der Erkenntnis oder digitale Orakel? (2023)
2Grosjean E., Simeon, B. The non-intrusive reduced basis two-grid method applied to sensitivity analysis, preprint, 2023
3Grosjean, E. Simeon, B., Surulescu. C. A mathematical model for meniscus cartilage regeneration, preprint, 2023
4Maday, Y., Stamm, B. Locally adaptive greedy approximations for anisotropic parameter reduced basis spaces (2013)
5Barnett, J. L., Farhat, C., Maday, Y. Mitigating the Kolmogorov Barrier for the Reduction of Aerodynamic Models using

Neural-Network-Augmented Reduced-Order Models (2023)
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Thank you for your attention!


